The integrity of neural circuits must be maintained throughout the lifetime of an organism. In this issue of Neuron, Cherra and Jin (2016) characterize a small, two-Ig domain protein, ZIG-10, and its role in maintaining synaptic density in a specific set of C. elegans neurons.
It represents a formidable challenge to preserve the architectural integrity of the nervous system as an animal grows extensively after birth and as newly born neurons are added to pre-existing neuronal circuits . Nervous systems also face mechanical strain due to movement and stresses from the environment that can disrupt its organization. Apart from morphology and placement, neurons must also maintain synaptic connections with their targets over time. This can be particularly challenging as subsets of synapses in a circuit are remodeled to accommodate the integration of newly born neurons (White et al., 1978) . Over the past decade, several studies have identified ''maintenance factors'' that are important for maintaining nervous system integrity. The immunoglobin domain superfamily (IgSF) of proteins has been shown to play a role in a variety of aspects of neural circuitry control, including maintenance (Rougon and Hobert, 2003) . Notably, several small IgSF proteins are specifically dedicated to the maintenance of neural circuits and not their establishment .
Members of the zig (zwei [two] Ig domain) family of proteins in the nematode C. elegans were the first dedicated maintenance factors identified (Aurelio et al., 2002; (Figure 1 ). The worm genome encodes ten zig genes, all of which contain two Ig domains and no other recognizable protein domains; eight of the zigs are predicted to be secreted, whereas the other two contain transmembrane domains (Hobert, 2013) . Several of the zig genes are expressed in PVT, a guidepost interneuron that extends its axon along the length of the animal in its ventral nerve cord (Aurelio et al., 2002) . Loss of zig-4, which is predicted to be secreted from PVT, causes a phenotype in which axonal tracts in the ventral nerve cord are not properly positioned. Importantly, animals mutant for zig-4 do not display defects early in development, demonstrating that the gene is required for maintenance of axon position and not initial axon outgrowth and patterning. Subsequent studies showed another zig family member, zig-3, to be also required for maintaining the architecture of the ventral nerve cord . Again, as in zig-4 mutants, development of the ventral nerve cord is normal in zig-3 mutants, demonstrating that these factors are dedicated to the maintenance of axons. While the mechanism of how these proteins function is unknown, one possible model is that ZIG-3 and ZIG-4 heterodimerize with each other in an adhesion complex to maintain the axonal integrity of the ventral nerve cord.
In this issue of Neuron, Cherra and Jin (2016) describe a previously uncharacterized member of the zig family involved in the maintenance of synaptic densities. Using an elegant genetic screening approach, the authors set out to identify factors that act in the epidermis to modulate the activity of the C. elegans locomotory circuit, and found the zig-10 gene. In addition to the epidermis, zig-10 is also expressed in cholinergic motor neurons, and the protein, which contains a transmembrane domain, localizes to the surface of both tissues in areas neighboring synapses. In mutant animals lacking zig-10, more synapses are observed at cholinergic neuromuscular junctions, as assessed by both presynaptic and postsynaptic markers such as synaptobrevin and acetylcholine receptors, respectively. These results indicate that zig-10 might normally function to limit synapse number in wild-type animals. This hypothesis was further supported when the authors ectopically expressed zig-10 in the adjacent GABAergic motor neurons and observed a decrease in synaptic density, demonstrating zig-10 is sufficient to inhibit synapse formation (Cherra and Jin, 2016) . Importantly, rescue experiments that utilize drivers that provide zig-10 in a temporally controlled manner demonstrate that zig-10 is required continuously in larval stages and adult stages, suggesting that the ZIG-10 protein functions to maintain synaptic organization.
How does ZIG-10 maintain synapse density in cholinergic motor neurons? Further rescue experiments revealed that ZIG-10 must be expressed in both the epidermis and cholinergic motor neurons to restore wild-type synapse maintenance in zig-10 mutant animals. Based on these results, Cherra and Jin (2016) suggest a model in which a homophilic interaction between ZIG-10 protein in the epidermis and cholinergic motor neurons modulates synapse number between motor neurons and muscle. Further screening identified the tyrosine kinase SRC-2 and members of the phagocytosis pathway, including the phagocytic receptor CED-1, as factors acting downstream of ZIG-10 in synapse maintenance. Similar to a loss of zig-10, loss of ced-1 causes an increase of cholinergic motor neuron synapse number; in addition, ced-1 is required for the decrease of synapses in GABAergic motor neurons caused by ectopic expression of ZIG-10 in those cells. Notably, unlike zig-10, expression of ced-1 is required only in the epidermis and not motor neurons to maintain wild-type synapse density. CED-1 localizes to phagosomes in the epidermis, and the number of CED-1-containing phagosomes around the ventral nerve cord is greatly reduced in zig-10 mutant animals. Taken together, these results suggest that an interaction between ZIG-10 in the epidermis and cholinergic motor neurons triggers the phagocytosis pathway through SRC-2 and CED-1 in the epidermis to maintain cholinergic synapse number in the ventral nerve cord. The expression of ZIG-10 in cholinergic motor neurons and not in the adjacent GABAergic motor neurons provides neuron-type specificity to the maintenance of synaptic density (Cherra and Jin, 2016 
elegans and Drosophila Small Ig Protein Families
Apart from the molecules discussed in the text, Drosophila also contains small Ig domain proteins of the Beaten Path (Beat) family (right), involved in axon pathfinding (Pipes et al., 2001) . Protein sizes are not drawn to scale.
ZIG-3 and ZIG-4, ZIG-10 also functions in maintenance of the nervous system, but in a different context; ZIG-3 and ZIG-4 maintain integrity of axons whereas ZIG-10 maintains the density of synapses.
Other metazoan genomes encode families of proteins containing two Ig domains. Recently, a family of these proteins in Drosophila has also been found to play a role in synapse formation. The Dpr (defective proboscis extension response) proteins are expressed on the cell surface in the fly embryonic nervous system. Through in vitro binding assays, certain Dprs have been shown to bind selectively to another family of proteins containing three Ig domains, the Dpr-interacting proteins (DIPs) (Ö zkan et al., 2013) . RNA-seq experiments on specific subsets of neuron classes in the fly visual system revealed several instances in which Dpr and Dip proteins are expressed in neurons that are synaptic partners of each other (Tan et al., 2015) . These experiments suggest that interactions between Dprs and Dips could specify synapse connections between the neurons expressing the proteins. Further work in the Drosophila optic lobe supports this hypothesis: Dpr11 is expressed in a sensory neuron that is presynaptic to an interneuron expressing Dip-g, and loss of either the Dpr or Dip protein in these neurons results in the sensory neuron ''overshooting '' its synaptic target (Carrillo et al., 2015) . Additional studies will show whether other members of the Dpr and Dip protein families contribute to neurontype specificity of synapse formation.
Members of another class of small Ig domain proteins have also been implicated in synapse formation in C. elegans. The worm genome encodes seven one Ig domain (oig) genes, which code for a single Ig domain and no other recognizable domains (Aurelio et al., 2002; Hobert, 2013) (Figure 1) . Like the zigs, the majority of the oigs are predicted to be secreted. A screen for genes required for synaptic localization of acetylcholine receptors at neuromuscular junctions identified oig-4 (Rapti et al., 2011) . OIG-4 is secreted from body wall muscle and physically interacts with other scaffolding proteins required for proper clustering of the receptors. Loss of oig-4 results in the destabilization of this scaffold, suggesting OIG-4 could anchor the complex to the neuromuscular junction. More recently, another member of the family, OIG-1, was shown to be a synaptic organizer molecule of GABAergic motor neurons during development (Howell et al., 2015) . The GABAergic DD motor neurons extend axons along both the ventral and dorsal nerve cords of the worm but innervate ventral muscle only until the first larval stage of development. By the second larval stage, the DD motor neurons rewire by removing synapses with the ventral muscle and instead innervating the dorsal muscle (White et al., 1978) . Expression of oig-1 is tightly coordinated with these events: OIG-1 is expressed in the DD motor neurons early in development, but this expression is abrogated when these neurons are rewired. Loss of oig-1 causes this remodeling event to occur earlier in development, suggesting OIG-1 functions to block synapse formation in the dorsal nerve cord. Consistent with this hypothesis, the related GABAergic VD motor neurons, which are similar to the DD motor neurons in morphology but never undergo a remodeling event, constitutively express OIG-1. Further analysis revealed an intersectional transcriptional strategy that regulates oig-1's spatiotemporal expression pattern to control synapse formation during development (Howell et al., 2015) .
Considering the identified roles of several of the small Ig domain proteins summarized in Figure 1 , we predict that further characterization of the remaining members of the oig and zig families may reveal more insights into the mechanisms of neuronal circuit formation and maintenance. For example, the transmembrane ZIG-1 protein, the ZIG protein most closely related to ZIG-10, is broadly expressed throughout the C.elegans nervous system (Aurelio et al., 2002) and may also have roles in maintaining neuronal circuitry. The exciting findings on the neuronal functions of small Ig domain proteins in worms and flies are unlikely to be restricted to these comparatively simple organisms. Vertebrate genomes also encode small Ig domaincontaining proteins, including JAMs or the CEA and CD family of proteins (Cherra and Jin, 2016; Rougon and Hobert, 2003) . It will be interesting to determine whether these protein families also play roles in the vertebrate nervous system.
